The time course of changes in cerebral intra vascular volume was evaluated during 24 h following a series of three 5-min carotid artery occlusions spaced at I-h intervals and compared with the changes occurring after single 5-or I5-min occlusions. Quantitative esti mates of cerebral red cell volume, plasma volume, and total blood volume were obtained from the distribution spaces of 51Cr-labeled erythrocytes and 1 2 5I-albumin in fused prior to killing at varied recirculation intervals. Sig nificant reductions in vascular volume occurred in all ischemic brain regions within I h following a single 5-min occlusion, which recovered to control values within 6 h. A similar time course was seen after repeated occlusions. The reductions in volume remained significant at 6 h after a single I5-min occlusion, but there was no difference from control by 24 h. Thus, the time course of total vas-
Recent studies have demonstrated a marked cu mulative effect of repeated ischemic insults in the gerbil, resulting in high mortality and severe sec ondary edema occurring within 24-h recirculation (Tomida et aI. , 1987) . Regional CBF showed a char acteristic hypoperfusion phase following single or repeated occlusions, and brain edema at 24 h was most severe when repeated occlusions were sched uled during this phase of postischemic hypoperfu sion. Although the edema coincided with morpho logical evidence of microvascular compression (Vass et aI. , 1988) , blood flow recovered to control cular volume correlates well with that of CBF changes previously described, and both blood flow and blood vol ume are at normal levels during the time of severe edema 24 h after repeated occlusions. Calculated cerebral he matocrit was 60-70% of that obtained from the femoral artery, but was identical in all brain regions and was con stant throughout the postischemic recirculation period, with the exception of a transient reduction in both periph eral and cerebral hematocrit observed at 6-h recirculation following single I5-min occlusions. These results suggest that changes in CBF and blood volume reflect primarily the status of larger vessels and that values in the normal range may be observed even under conditions of severe edema and impaired perfusion at the capillary level. Key Words: Blood volume-Edema-Gerbil-Hypoperfu sion-Ischemia, repeated. values within 6 h following both single and repeated occlusions and remained at normal levels even at 24 h (Tomida et aI. , 1987) .
To characterize pathophysiological events occur ring during the postischemic hypoperfusion period and to further evaluate the apparent dissociation at later recirculation times between normal values of CBF and reduced microvascular filling, we have performed a quantitative study of cerebral vascular volume following single and repeated carotid artery occlusions in the gerbil.
MATERIALS AND METHODS

Surgical preparation and experimental ischemia
These experiments employed 3-month-old female Mon golian gerbils of 50-70 g body weight (Tumblebrook Farms, West Brookefield, MA, U.S.A.). One week be fore the experiment, animals were anesthetized with an intraperitoneal injection of 50 mg/kg pentobarbital and also received 0.1 mg/kg i.m. atropine sulfate, after which an occluding device was placed around the common ca rotid arteries as described in detail previously . Thereafter, the animals were maintained with free access to food and water. At the time of carotid occlusion, gerbils were anesthetized with 2% halothane in 30% Ozf70% N 2 0, and polyethylene catheters (PE-IO) were inserted into a femoral artery for monitoring blood gases, hematocrit, and systemic arterial pressure and into a femoral vein for infusion of radioactive tracers. Rectal temperature was maintained at 37°C using a heating pad controlled by a thermistor probe. Animals were subjected to single 5-or 15-min bilateral carotid artery occlusions or to a series of two or three repeated 5-min occlusions at I-h intervals, followed by recirculation for 3 min, 1 h, 6 h, or 24 h. At least five animals were included in each ex perimental group.
Physiological measurements
Mean arterial pressure was routinely monitored via the arterial catheter using a pressure transducer and Beck man physiological recorder. Arterial pH, HCO;, Pao 2 , and P aco 2 were determined in selected experiments using a Corning micro blood gas analyzer. Peripheral arterial hematocrit was determined in blood sampled from the same catheter just prior to killing each animal (see below).
Regional cerebral blood, plasma, and red cell volumes
Intravascular volumes were determined from the rela tive distributions of 51Cr-Iabeled red cells and 125 1 _ albumin in brain tissue samples and arterial blood follow ing intravenous infusion of these tracers. 51Cr-Iabeled red cells were prepared on the day of use, essentially as described previously by Lo et al. (1987) . Blood was obtained from a donor gerbil by cardiac punc ture, and erythrocytes were collected by brief centrifuga tion followed by three washes with phosphate-buffered 0.9% saline (PBS). The packed cells (-0.3 mIlml whole blood) were resuspended in an equal volume of PBS con taining [51Cr]chromate (0.3 mCi) and incubated at 3rC with gentle agitation for 30 min. The labeled cells were washed five times with PBS and stored on ice until used.
1 2 51-labeled bovine serum albumin was obtained from New England Nuclear and stored in aliquots at -70°C. Immediately before use -50 fLCi of iodinated albumin in 50 fLl saline was added to the above pellet of 51Cr-Iabeled erythrocytes and the isotope mixture was infused into the venous catheter. After 3 min terminal blood samples (-200 fLl) were collected from the arterial catheter into a heparinized tube and the animal was decapitated. The brain was rapidly removed and samples were dissected from thalamus, striatum, hippocampus, several cerebral cortical regions, and cerebellar cortex, avoiding obvious surface vessels, and transferred to preweighed tubes. Samples were weighed and radioactivity determined in an automatic gamma counter with suitable correction for the contribution of 51Cr counts to the 1 2 51 channel. Duplicate aliquots of the collected blood were taken for determina tion of the peripheral hematocrit (Hctp)' Four 5-,Li sam ples were taken for determination of 51Cr and 1 2 51 in whole blood; the remaining blood was centrifuged briefly, and an additional four samples were taken to determine plasma radioactivity.
Regional cerebral blood, plasma (CPV), and red cell 1989 (CRCV) volumes and cerebral hematocrit (Hcte) were calculated as follows:
1 2 51 cpm/mg tissue CPV (%) = 1 2 51 cpm/fLl plasma x 100 CRCV (%) 51Cr cpmlmg tissue ",=:---....:,--:--..,=--:--:-:---:: x Hct 51Cr cpm/fLl whole blood
Values for total cerebral blood volume were obtained most rigorously as the sum of regional cerebral red cell and plasma volumes (Cremer and Seville, 1983) . For com parison, parallel estimates were also calculated from 51Cr counts as shown above for regional cerebral red cell vol ume, but without including the factor for peripheral he matocrit.
Assessment of cerebral edema
Changes in brain water content after ischemia were monitored by measurements of tissue specific gravity. Samples of -1 mg were dissected from parietal cortex, hippocampus, thalamus, striatum, and cerebellar cortex, and specific gravity was determined as previously de scribed (Fujiwara et aI., 1981) .
Statistical analyses
Experimental values obtained for each parameter in the various experimental groups were compared using Dun nett's test for multiple comparisons with a single control group (Dunnett, 1964; Winer, 1971) , as provided in the program package Stat View 512 + (Feldman et aI., 1986) for the Apple Macintosh computer.
RESULTS
Cardiocirculatory observations
Changes in systemic vascular parameters during the course of these experiments are summarized in Table 1 . Under these conditions, mean arterial pres- Values are means ± SD for determinations on 5-10 animals. a Significantly different from control, p '" 0. 05 (Dunnett's test) .
sure was modestly but significantly reduced within 6 h after a single 5-min occlusion and remained be low control at 24 h. This reduction was already sig nificant within 1 h after a single 15-min occlusion.
Blood pressure was maintained at 60-70 mm Hg throughout the recirculation period after repeated 5-min occlusions at l-h intervals.
Peripheral arterial hematocrit was unchanged during these experiments (Table 1) 
Cerebral edema
Specific gravity values of the several investigated brain regions at various recirculation intervals after single and repeated occlusions are shown in Table   2 . A single 5-min occlusion resulted in no statisti cally significant edema in any brain region, although average specific gravity values tended to be lower than control, particularly at recirculation intervals of <6 h. A 15-min occlusion resulted in severe edema at 24-h recirculation in all regions subjected to ischemia with the exception of hippocampus;
specific gravity also tended to be reduced at early recirculation times, but these changes were signifi cant only in hippocampus. Significant reductions in specific gravity were noted at essentially all recir culation times in animals subjected to repeated 5min occlusions at l-h intervals. A plateau of mod erate edema was evident through 6-h recirculation after three 5-min occlusions. The most severe edema was uniformly evident at 24-h recirculation and was greater than that observed after a single 15-min occlusion.
Cerebral vascular volume
Control values for regional cerebral red cell vol ume, plasma volume, total vascular volume, intra cerebral hematocrit, and the ratio of cerebral to pe ripheral arterial hematocrit are given in Table 3 .
Total vascular volume varied over a twofold range, from <1% in striatum to >2% in cerebellum. There were parallel changes in plasma and red cell vol ume, so that cerebral hematocrit and the ratio of cerebral to peripheral hematocrit remained constant throughout these microdissected brain regions. 
DISCUSSION
These experiments provide information on changes in cerebral vascular volume following re peated ischemia that supplement our previous blood flow and morphological observations (Tomida et aI., 1987; Vass et aI., 1988) . The re peated ischemic episodes employed in these studies resulted in the same plateau in specific gravity through 6-h recirculation followed by severe sec ondary edema at 24 h as previously described (Ta ble 2), demonstrating the reproducibility of the ex perimental conditions. Decreases in specific gravity of 0.5-1.2% were observed at 24-h recirculation in the various ischemic brain regions. After a single I5-min occlusion, edema was similarly severe in striatum, less severe in cortex, and negligible in hip pocampus relative to that observed 24 h after re peated 5-min occlusions. The present results in clude specific gravity data for thalamus, which showed a pattern of change comparable with that in striatum in the repeated occlusion model and slightly less severe after a single 15-min ischemic episode.
Physiological parameters were stable during the time course of this study (Table 1 and Values are means ± SD for groups of n animals .
" Significantly different from control, p '" 0 .05 (Dunnett's test) . Total intravascular volume in gerbil brain regions following single and repeated ischemic episodes in the gerbil. Total blood volume determined from the sum of red cell (CRCV) and plasma (CPV) volumes was obtained as described in the text at the indicated intervals during a series of repeated 5-min occlusions (_) and after single 5-min (0) and 15-min (l:;) ischemic episodes (see legend to Fig. 1) . Symbols indicate means ± SD for determinations on 5-10 animals; asterisk indicates values significantly different from control (p "" 0.05, Dunnett's test).
duced mean arterial pressure within I-h recircula tion, and blood pressure was below control values at 6 and 24 h after even a single 5-min occlusion.
This factor is apparently unrelated to the changes in cerebral vascular volume, which returned to the control range during the period of continued hy potension.
Control values for cerebral red cell volume, plasma volume, and hematocrit (Table 3 ) are in gen eral agreement with those of other studies in ro dents. Regional blood volumes calculated as the sum of red cell and plasma volumes are somewhat higher than reported for unanesthetized rats (Cre mer and Seville, 1983) or pentobarbital-anes thetized gerbils (Lo et aI., 1987) , which may in part 1989 reflect vasodilatory effects of the halothane anes thesia (Christensen et aI., 1967; Morita et aI., 1977; MacMurdo et aI., 1981; Nikki et aI., 1987) . The present values, which take into account the reduced tissue hematocrit, are predictably lower than re ported for gerbil or rat on the basis of sucrose dis tribution (Ohno et aI., 1978; Picozzi et aI., 1985) .
The relatively greater intravascular space of cere bellum has been noted by others using comparable methods (e.g., Ohno et aI., 1978; Cremer and Seville, 1983) and is consistent with results obtained by morphological techniques that would not be in fluenced by the distribution of larger vessels (Craigie, 1920; Lierse and Horstmann, 1965) .
Cerebral tissue hematocrit was lower than that of peripheral arterial blood by 30--40%, as routinely observed in humans as well as in experimental an imals (Larsen and Lassen, 1964; Oldendorf et a!., 1965; Levin and Ausman, 1969; Cremer and Seville, 1983; Lammertsma et a!., 1984) . The physiological bases and possible significance of this phenomenon have been considered by others (e.g., Cokelet, 1982; Gaehtgens and Marx, 1987) . With the present tissue samples and dissection technique, we could not detect the small regional differences in cerebral hematocrit that have sometimes been noted (Cre mer and Seville, 1983) . There was no significant change in the ratio of cerebral to peripheral arterial hematocrit during reperfusion after ischemia, so that measurements of all intravascular compart ments provide comparable information regarding changes in postischemic vascular volume (Fig. 1 ). It has been suggested from morphometric studies that hematocrit is reduced in cerebral vessels, particu larly capillaries, under conditions of partial isch emia with �50% reductions in CBF (Mchedlishvili and Varazashvili, 1987) . We did not examine cere bral hematocrit during the interval of complete isch emia in the present study. We find no evidence for a fall in average brain hematocrit in association with the marked reductions in CBF during postischemic hypoperfusion in these models . It should be noted, however, that our mea surements may be weighted toward a compartment that includes larger vessels (see below) in which less significant changes have been reported (Mchedlishvili and Varazashvili, 1987) . The possi bility remains that there may be localized variations in hematocrit associated with inhomogeneity in CBF during the period of hypoperfusion (Svanes and Zweifach, 1968) . It is of interest that both sys temic and cerebral hematocrit were transiently, though strikingly, reduced at 6 h after a single 15min occlusion, suggesting that disturbances in sys temic fluid balance may occur following longer pe riods of ischemia.
The time course of cerebral vascular volume de scribed in these studies is readily compared with those of postischemic CBF and specific gravity as well as with microvascular morphology (Vass et a!., 1988) after repeated occlu sions. Blood volume was correlated with CBF un der all conditions, with a 30--50% reduction of in travascular space coincident with the period of postischemic hypoperfusion (Figs. 1 and 2) . Parallel changes in CBF and cerebral blood volume after ischemia have been noted previously in a rat four vessel occlusion model (Todd et a!., 1986) . In our studies no change in blood volume was seen at 3min recirculation after a single 5-min occlusion, while a significant reduction was already evident at 3 min after a single 15-min occlusion (Tables 4 and   5 ). This correlates with the lower peak reflow val ues for CBF after 15-min than after 5-min occlu sions (Tomida et aI., 1987) and suggests that con striction of intravascular space may occur during ischemia or at very short recirculation intervals fol lowing occlusions longer than 5 min. This observa tion may be of relevance in evaluating proposed mechanisms for postischemic circulatory changes (e.g., Kagstrom et a!., 1983) .
There was no correlation between the presently observed decreases in vascular volume and the magnitude of postischemic edema. Maximal reduc tions in red cell, plasma, and total blood volume were already evident within 1 h after a single 5-min occlusion, at which time we detected no significant changes in specific gravity. Conversely, intravascu lar volume was in the control range even under con ditions of severe edema at 24 h after repeated oc clusions. This edema was shown to be associated with compression of capillary channels but dilata tion of vessels of arteriolar caliber (Vass et a!. , 1988) , which may account for the findings of blood volume and CBF in the control range. Together these results suggest that indexes of intravascular volume, as well as tracer diffusion measurements of CBF, reflect to a considerable de gree the status of larger vessels and do not provide a sensitive index of microvascular perfusion.
In preliminary reports we have presented evi dence for development of progressive secondary hypoxia, characterized by a shift of cortical oxygen tension histograms toward lower levels, during re circulation intervals following repeated ischemic in sults (Xu et a!., 1987 (Xu et a!., , 1988 . is suggested that measurements of intravascular space and CBF do not well reflect the status of microvascular perfusion at the capillary level, which may be particularly influenced by water ac cumulation in tissue. Our observations on cerebral blood volume changes support the suggestion that the hypoperfusion that follows each ischemic insult is related to arteriolar constriction, resulting in re duction of blood volume and CBF and in secondary hypoxia. Progressive impairment of microvascular perfusion occurring with repeated occlusions could lead to worsening hypoxia and increased tissue damage. In the later stages, dilatation of arteriolar channels may account for the fact that marked edema, which interferes with capillary flow owing to increased tissue pressure, is associated with re turn of blood volume and CBF to normal levels, while reduced oxygen utilization by the injured tis sue contributes to elevation of oxygen tension val ues to within the control range.
